Aberrant expression of long noncoding RNAs (lncRNAs) contributes to all phenotypes of cancer including metastasis, which is a major cause of death in many advanced malignancies. One particular lncRNA, H19, is found to be a crucial player in cancer progression by modulating multiple microRNAs (miRNAs). In this study, we screened miRNAs possibly associated with H19 using lung carcinoma cell lines and patient with lung cancer tissues, and selected one possible hit, hsa-miR-6515-3p, to perform in vitro functional assays. Its inhibition leads to decreased proliferation and migration of SPC-A1 lung cancer cells and is in good correlation with H19-knockdown groups. These results indicate that H19 may be an epigenetic regulator of miR-6515-3p, and its dysregulation may contribute to lung cancer progression and metastasis.
| INTRODUCTION
According to the latest GLOBOCAN 2018 data published recently, 1 lung cancer is ranked on top of the most common cancers in men and third in women worldwide. In 2018, 2.1 million new lung cancer cases and 1.8 million death is predicted. Despite the efforts devoted to tobacco control and advances made for new therapies, the global incidence and death estimations of lung cancer had increased from GLOBOCAN's last survey in 2012. 2 A dismal aspect about lung cancer is that it has relatively high frequency of metastases among major solid malignant tumor types. 3 Fortunately, past few years have seen significantly prolonged survival of advanced patients with non-small cell lung carcinoma (NSCLC) via novel treatments, notably the paradigm-shifting immune checkpoint blockade therapy based on PD-1/PD-L1 inhibitors. [4] [5] [6] Nonetheless, a vast majority of patients with cancer with late-stage metastasis are beyond cure under the current treatment regimes. It remains of paramount importance to elucidate the mechanisms of lung cancer development, progression, and metastasis.
Long noncoding RNA (lncRNA; transcript >200 nucleotides in length that does not appear to contain a protein-coding sequence) constituents an enormous and diverse class of genome transcripts. 7 Among the versatile biological roles lncRNAs are discovered to play, 8, 9 their function as epigenetic regulator and aberrant expression link to cancer had been well recognized as increasing evidence emerged in recent years. 8, 10 A pan-cancer analysis has found that hundreds of dysregulated lncRNAs operate as ensembles to dysregulate cancer genes and -----------------------------------------------------------------------------------------------pathways by altering the activity of transcription factors, RNA-binding proteins, and microRNAs (miRNAs) in multiple tumor contexts. 11 Notably, by acting as miRNA decoys/sponges, messenger RNA (mRNA) binding competitors, and miRNA precursors, the lncRNA regulation of miRNA has profound influence on various aspects of cancer. 12 Due to the complex nature of this regulatory network, many key lncRNA-miRNA interactions in cancer are yet to be identified and clarified.
H19 is an intergenic lncRNA and a major gene in cancer that plays pivotal roles in tumorigenesis. 13, 14 It has been found to promote cell proliferation, enhance tumor metastasis, and/or promote epithelial to mesenchymal transition (EMT) in the bladder, 15, 16 gastric, 17 pancreatic, 18, 19 colorectal, 20, 21 and other cancers. In lung cancer, accumulating studies have demonstrated that the potential crosstalk between H19 and multiple miRNAs may contribute to tumor progression. For instance, H19 may promote lung cancer development via sponging miR-17 22 or miR-196b, 23 or promote EMT through regulating miR-484 24 and miR-203. 25 The prognostic value of the correlation between H19 and let-7 has also been probed. 26 Taken together, these preliminary results suggest that overexpression of H19 and its aberrant modulation of related miRNAs exert oncogenic functions in lung cancer. However, a comprehensive understanding of the H19-miRNA network in lung cancer is not established which requires further characterization.
In the presented study, we constructed miRNA expression profile in a H19-knockdown lung carcinoma cell line (SPC-A1) to identify candidate miRNAs whose expression has been altered and further validated the results using tissue specimens from patients with lung cancer. We found that hsa-miR-6515-3p, which is not seen in previous reports, has been significantly downregulated in H19-knockdown cell lines and upregulated in clinical samples. Subsequent functional assays demonstrated that inhibition of miR-6515-3p resulted in decrease capabilities of SPC-A1 on proliferation, migration, and invasion. 
| MATERIALS AND METHODS

| Cell culture
| Human tissue specimens
Tissues from patients with lung cancer in Taizhou Hospital (Zhejiang Province, China) were immediately frozen in liquid nitrogen and were stored at −80°C until further use. Forty-seven pathologically diagnosed specimens were acquired from patients with lung cancer.
| RNA extraction
Total RNA was extracted from the cultured cells or tissue samples using the TRIzol reagent (Cat No 15596-026; Thermo Fisher Scientific) following the product's official user guide. The miRNA was extracted and purified using miRNeasy Micro Kit (Cat No 217084; Qiagen) according to the protocol provided by the manufacturer. Extracted RNA purity was examined using a NanoDrop 2000c (Thermo Fisher Scientific) by measuring the 260/280 absorbance ratio.
| Quantitative real-time polymerase chain reaction
For lncRNA, 2 µg of the extracted total RNA was reversetranscribed to complementary DNA (cDNA) using the High Capacity cDNA Reverse Transcription Kit (Cat No 4368814; Thermo Fisher Scientific). Next, the target cDNA level in the RT product was determined by quantitative polymerase chain reaction (qPCR) using the UltraSYBR Mixture (Cat No CW0957M; CW Biotech). For miRNA, 2 µg of the extracted miRNA were reverse-transcribed to cDNA using the miRNA specific RT Primer provided in the Bulge-Loop miRNA quantitative real-time PCR (qRT-PCR) Kit (Ribo-Bio). Next, the target cDNA level in the RT product was determined by qRT-PCR using the miRNA specific forward primer, the universal reverse primer and Taq-containing SYBR Green Mix provided in the same qRT-PCR Kit. All RT amplifications were performed on an ABI 9700 thermocycler (Thermo Fisher Scientific). All qPCR assays were performed on a LightCycler 480 Instrument II System (Roche), while β-actin mRNA and U6 small nuclear RNA was used as an endogenous control for lncRNA and miRNA assays, respectively. The primer sequences for qPCR are listed in Table 1 .
| RNA interference and transfection
We designed two small interfering RNA (siRNA) targeting the H19 lncRNA designated siH19-1 and siH19-2, and a control RNA designated siNC (see Table 2 for the sequences), and have them synthesized (RiboBio). Cells were seeded in a six-well plate and transfected 24 hours later with 10 nM siRNA using the Lipofectamine RNAiMax Transfection Reagent (Cat No 13778030; Thermo Fisher Scientific) following the manufacturer's instructions. The cells were harvested 72 hours after transfection for RNA extraction.
Mimics and inhibitors to specific miRNAs along with appropriate controls were obtained commercially (RiboBio). Cultured cells were transfected after 24 hours with mimics, inhibitors, or controls (final concentration varies in different experiment settings) using the Lipofectamine 3000 Transfection Reagent (Cat No L3000008; Thermo Fisher Scientific) following the manufacturer's instructions.
| Microarray profiling of miRNA expression
The miRNA expression profile was obtained by highthroughput microarray analysis using the UniTag label-free human miRNA array (miRBase 19 version; EigenBio). Two micrograms of total RNA extracted from cells and 100 nM (final concentration) Cy3-labeled reporter DNA (UniTag) were dissolved in the hybridization buffer, then the mixtures were applied to the microarray slides, incubated for 48 hours at 44°C in a hybridization oven (Agilent 2545A). After hybridization, slides were scanned at 532 nm excitation using a GenePix 4100A Microarray Scanner (Molecular Devices) with fixed laser power and PMT gain settings. The acquired raw images were processed by the GenePix Pro 7.0 software package to extract the fluorescence signals of each spot, then the data was normalized and analyzed using the R statistical package to get final results.
| Cell proliferation by
5-ethynyl-2′-deoxyuridine incorporation assay
SPC-A1 cells cultured in 96-well microplates (Cat No 655090; Greiner) were transfected with miRNA mimics or inhibitors 24 hours after seeding. At different timepoints after transfection, de novo synthesized DNA in the S phase cells were stained using the Cell-Light EdU Apollo643 In Vitro Imaging Kit (Cat No C10310-2; RiboBio) based on the method established by Salic et al. 27 Briefly, each culture well was added with 100 μL 50 μM 5-ethynyl-2′-deoxyuridine (EdU) diluted in culture media, then incubated for 2 hours and washed with phosphate-buffered saline. Fix and permeabilize the cells with paraformaldehyde and Triton X-100. Next, add 100 μL 1X Apollo dye to stain the replicating DNA for 30 minutes followed by nuclear staining using Hoechst 33342. After the final wash, dual channel fluorescent images of the stained cells were captured using an Operetta CLS High-content Analysis System (PerkinElmer). Under a 10× objective, a grid of 21 fields were imaged for each well to cover nearly the whole bottom area to eliminate the bias associated with insufficient sampling. The total cell number and EdU positive cell number per well were counted by the Harmony High Content Imaging and Analysis Software (PerkinElmer). The proliferating ratio in each well was calculated as (number of EdU+cells/number of Hoechst stained cells) × 100%.
| Cell proliferation, migration, and invasion by real-time cell analysis
These assays are all performed using cultured SPC-A1 cells on an xCELLigence DP Real-Time Cell Analyzer (RTCA; ACEA Biosciences) placed within a CO 2 incubator (Forma 4111; Thermo Fisher Scientific). 
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For the proliferation assay, cells were seeded at 1 × 10 4 per well in E-Plate 16 VIEW plates (ACEA Biosciences). Then the loaded plates were mounted on the RTCA instrument inside the incubator. After 24 hours cell adherence, miRNA-or siRNA-lipofectamine complexes were added. Cell index (CI; ie, relative cell impedance) values were monitored every 20 minutes for 72 hours and normalized.
For the migration assay, cells were seeded at 5 × 10 4 per well in the upper chamber of CIM-Plate 16 plates (ACEA Biosciences) with serum-free medium and assembled with the lower chamber filled with FBScontaining medium. Then the assembly were mounted on the RTCA instrument inside the incubator. After 24 hours, miRNA-or siRNA-lipofectamine complexes were added. CI (ie, relative cell impedance) values were monitored every 20 minutes for 72 hours and normalized.
The invasion assay is performed in a similar manner to the migration assay except for the upper chamber is coated with the Matrigel basement membrane matrix (Cat No 354234; BD) before cell addition. 05. An F test is performed before t test to determine either equal or unequal variance assumption should be used.
| Data analysis and statistics
| RESULTS
| Knockdown of H19 in selected lung cancer cell line with overexpressed H19
Three lung cancer cell lines (A549, H1299, and SPC-A1) were tested for their H19 mRNA level by qRT-PCR, while primary and immortalized human bronchial/lung epithelial cell line BEAS-2B and gastric cancer cell line SGC7901 served as low-and high H19 expression control, respectively. The result (Figure 1) shows that transcription of H19 is high in SPC-A1 and SGC7901 but low in A549 and H1299 cell lines, which is consistent with previous reports. 28 Hence, we select SPC-A1 as the H19 overexpression lung cancer cell line to conduct this study. Transfection of the two siRNAs designed for H19 to SPC-A1 cells has effectively knocked down the expression of H19 in both cases (Figure 2) , and siH19-1 was chosen as H19 RNA interference (RNAi) reagent throughout later experiments.
| Screen of differentially expressed miRNA in H19-knockdown SPC-A1 cells
The miRNA expression in normal and H19-knockdown SPC-A1 cell lines were profiled by microarray analysis. In over 2000 human miRNAs, 92 miRNAs were found to have 1.5 or higher fold change between the two cell lines. Among them, some were closely related to previously reported miRNAs that were affected by H19 in lung cancer, such as let-7e-3p, miR-196a-5p, and miR-203a. We choose seven miRNAs with high fold change and scarcely seen in previous publications to perform qRT-PCR verification using tumor tissue sections from three patients with lung cancer and negative control. Among the selected miRNAs, six (miR-574-5p, miR-3611, miR-6515-3p, miR-518d-5p, miR-6129, and miR-5194) were downregulated in H19-knockdown SPC-A1 cell lines (indicates overexpression in normal H19 cancer cells); while the other F I G U R E 1 Relative H19 mRNA expression level in different cell lines. BEAS-2B, immortalized normal lung cells; A549 / H1299 / SPC-A1, lung carcinoma; SGC7901, gastric cancer. mRNA, messenger RNA F I G U R E 2 Relative H19 mRNA expression level in siRNA transfected SPC-A1 cells: siNC is a negative control, siH19-1, and siH19-2 were two siRNAs designed against lncRNA H19. lncRNA, long noncoding RNA; mRNA, messenger RNA; siRNAs, small interfering RNAs one (miR-4500) were upregulated. When the obtained fold change of the above miRNA level in tissue sections (Figure 3 ) are compared with those from SPC-A1 cell line experiments, inconsistency of fold change direction was observed for four miRNAs (miR-4500, miR-518d-5p, miR-6129, and miR-5194), which were then discarded from further investigation. Of the left three, the data for miR-574 and miR-3611 show relatively large variation for the three patients and these two were also excluded. Therefore, miR-6515-3p was selected to conduct follow-up research.
| Examination of H19 and miR-6515-3p expression in patients with lung cancer
To assess the in vivo expression of H19 and miR-6515-3p in lung carcinoma, FFPE sections from 47 patients with different types (17 lung adenocarcinoma [LUAD], 1 lung adenosquamous carcinoma, and 27 lung squamous cell carcinoma [LUSC] patients constitute the NSCLC group, in addition to a SCLC group of two patients) and stages (25 metastatic stage III and IV, and 22 nonmetastatic stage I and II) of lung cancer were analyzed by qRT-PCR. From the results (Figure 4) we observed that H19 lncRNA and miR-6515-3p miRNA were both upregulated in general. Although it is difficult to draw a clear correlation between tumor progression and the fold change of H19 or miR-6515-3p from this small cohort, it seems that H19 is more likely to overexpress in LUAD patients, while miR-6515-3p is more likely to overexpress in LUSC patients.
| Possible involvement of miR-6515-3p in lung cancer cell proliferation, migration, and invasion
Previous studies have established the linkage between lncRNA H19 and progression/metastasis of various cancers. As miRNA miR-6515-3p is downregulated in H19-knockdown SPC-A1 cell line, we speculate that it may be one of the miRNAs affected by H19 overexpression. To test whether this miRNA actively participates in tumor progression, we conducted functional assays on SPC-A1 cell lines using a miRNA inhibitor designed for miR-6515-3p. First, we investigated the dose-effect of this inhibitor by EdU cell proliferation assay with 72 hours duration. The data ( Figure 5 ) shows that the proliferation is effectively suppressed over incubation time for input inhibitor concentrations above 50 nM. Typical micrographs of the EdU assay were shown in Figure 6 .
Next, we use the RTCA platform to evaluate the phenotypical changes of SPC-A1 on proliferation, migration, and invasion after RNAi of miR-6515-3p, and compared the results with that obtained in parallel after H19 knockdown. A miRNA inhibitor or siRNA concentration of 100 nM was used for transfection throughout all these assays. The real-time CI value were recorded for 96 hours and their kinetic changes were shown in Figure 7 . Figure 7A shows that after transfection of either H19 siRNA or miR-6515-3p inhibitor, the tumor cell proliferation decreased gradually, albeit at different rates, by 8% and 16% compared with controls at the 96 hours endpoint. Notably, here the inhibition of miR-6515-3p impaired the proliferation of SPC-A1, which is similar to the observation from the EdU assay. In Figure 7B , F I G U R E 5 SPC-A1 cell proliferation after transfection of different amounts of miR-6515-3p inhibitor, quantified at 24, 48, and 72 hours by the EdU assay. The 48 and 72 hours data were compared with the 24 hours data by t test, and those with a P < .05 is denoted with an asterisk (*) mark. EdU, 5-ethynyl-2′-deoxyuridine F I G U R E 6 Typical fluorescent micrographs from the EdU cell proliferation assay. The concentration for miR-6515-3p inhibitor is 100 nM and for control is 50 nM. EdU, 5-ethynyl-2′-deoxyuridine miR-6515-3p inhibitor transfected cells exhibit a decline of migration signal of 10% compared with the control at the endpoint, while knockdown of H19 lead to a 6% decline of migration signal. However, we did not observe the difference of cell invasion through the Matrigel for the H19 knockdown or miR-6515-3p inhibited cells as compared with the corresponding controls ( Figure 7C ).
To summarize, inhibition of the miRNA miR-6515-3p in SPC-A1 has decreased its proliferation and migration, yet no effect on invasion was observed. When these results are corroborated with the data from the H19 siRNA transfected cells run in parallel, a correlation can be clearly seen. Considering that miR-6515-3p is downregulated in H19-knockdown SPC-A1 and generally overexpressed in H19 upregulated patients with lung cancer, this correlation strongly suggests a hidden link between H19 and miR-6515-3p, which may actively contribute to the progression of lung cancers. As pointed by Popper, 29 metastasis in lung cancer is a multifaceted and multistep process with many genes, cytokines, adhesion molecules, and receptors involved in, which act their roles through various mechanisms and pathways not fully elucidated to date. A recently found novel type of the backstage modulators orchestrating such complex interplay is the lnRNA, which is identified as an active driver of all the cancer phenotype circuits, such as proliferation, angiogenesis, and motility, and so on. 30 One of the cancer-associated lncRNA, H19, has been found to be prometastatic in nature, and high level of H19 was observed in the metastatic sites in animal models and human biopsies. According to a unifying theory suggested by Raveh et al, 14 H19 has two major functions as follows, a reservoir of miR-675 that suppresses its target, and a modulator of miRNAs or proteins via their binding. In the latter case, H19 acts as a miRNA decoy and suppress their activity.
In the present study, SPC-A1 was selected among several lung carcinoma cell lines because it has high expression of H19. Next, we screened the miRNAs with differential expression accompanying knockdown of H19 in SPC-A1. Yet, miR-675 is not one of them, which indicate that in SPC-A1 the loss of this miRNA may be remedied by other biological cues. Further research is focused on miR-6515-3p, whose expression diminished with knockdown of H19. Data from tumor tissue specimens illustrated that the expression levels of both H19 and miR-6515-3p are elevated in patients with lung cancer, albeit a strong correlation is not observed. Because miR-6515-3p has barely been reported in the literature, its role in cancer progression is largely unknown. We conducted preliminary investigation on this miRNA through in vitro functional assays, and the results show that in SPC-A1 the capacities of proliferation and migration are weakened by inhibition of miR-6515-3p, while the capacity of invasion seems to be intact. Importantly, these phenotypes are in high accordance with those obtained by RNAi of H19, indicating a possible pathway that H19 promotes lung cancer progression and metastasis via its interaction with miR-6515-3p.
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